We study the effect of applied strain as a physical control parameter for the phase transitions of Ca(Fe1−xCox)2As2 using resistivity, magnetization, x-ray diffraction and 57 Fe Mössbauer spectroscopy. Biaxial strain, namely compression of the basal plane of the tetragonal unit cell, is created through firm bonding of samples to a rigid substrate, via differential thermal expansion. This strain is shown to induce a magneto-structural phase transition in originally paramagnetic samples; and superconductivity in previously non-superconducting ones. The magneto-structural transition is gradual as a consequence of using strain instead of pressure or stress as a tuning parameter.
Tuning parameters are an essential tool in the study of correlated materials, since they can selectively promote specific interactions. As an example, unconventional superconductivity often emerges around the point where antiferromagnetic order is suppressed by hydrostatic pressure [1] . Strain has been occasionally used as a tuning parameter [2] [3] [4] [5] [6] , but is less widely employed than pressure. Recently, new piezo-based strain-tuning devices have been presented [7, 8] and used in the study of ruthenates [9, 10] and SmB 6 [11] . Additionally, strain has been famously employed to probe the nematic susceptibility of iron-based superconductors [12] [13] [14] [15] [16] . Applying strain means enforcing a deformation, or length change with respect to a 'free' reference state, and can be achieved using a rigid device. Notably, strain directly affects the electronic band structure and properties. Such enforced deformations depend on fewer elastic constants than deformations achieved by applying force (stress, pressure).
The iron-based superconductors [17] [18] [19] sport a complex and highly tunable interplay between antiferromagnetism (AFM), a tetragonal-to-orthorhombic structural distortion and superconductivity. The variety of suitable tuning parameters includes diverse chemical substitutions [17, 20] , hydrostatic pressure [17, 21, 22] , epitaxial strain in thin films [23] [24] [25] and uniaxial pressure [26] [27] [28] [29] [30] . In Ca(Fe 1−x Co x ) 2 As 2 , substitution of Co for Fe suppresses a coupled first-order magneto-structural transition at T s,N and induces superconductivity with a maximum T c of 16 K [31] . Ca(Fe 1−x Co x ) 2 As 2 is exceptionally pressure-sensitive [26, 27, 32, 33] , as exemplified by the unprecedentedly large rate of suppression of T s,N with hydrostatic pressure, dT s,N /dp ≈ −1100 K/GPa (x = 0.028) [32] , two orders of magnitude larger than for BaFe 2 As 2 [34] , and by the sensitivity of the material to post-growth treatment [31, 35, 36] .
Here, we study the effect of strain on Ca(Fe 1−x Co x ) 2 As 2 with a combination of macroscopic and microscopic probes. Biaxial in-plane strain is achieved by making use of the differential thermal expansion between the samples and a rigid substrate, to which the samples are firmly bonded. It directly affects the c/a ratio of the tetragonal samples, similarly to uniaxial pressure along the c direction. In contrast to uniaxial pressure along the tetragonal [110] direction, commonly used for detwinning in iron-based systems [37] , it does not break the tetragonal symmetry. We demonstrate that the c/a ratio is a suitable tuning parameter for the phase transitions of Ca(Fe 1−x Co x ) 2 As 2 .
Samples of Ca(Fe 1−x Co x ) 2 As 2 (0 ≤ x ≤ 0.054, with x determined by wave-length dispersive x-ray spectroscopy) were grown out of FeAs flux and annealed at 400
• C, ensuring the absence of the collapsed-tetragonal phase present in as-grown samples [31, 35, 36] . Samples for resistivity and magnetization measurements were cleaved and cut into small thin bars of typical dimensions of ∼ 1.5×0.2×0.05 mm 3 and mass of 0.2−0.5 mg. To create strain (ε), samples were glued with Devcon 5 minute epoxy to a piece of thin borosilicate glass (Fisherbrand Cover Glass, 160 µm thickness) as shown in the inset to Fig. 1(e) . Electrical resistance was measured with an LS370 AC resistance bridge. Magnetic susceptibility was measured under zero-field cooled (ZFC) conditions in a Quantum Design MPMS SQUID magnetometer.
57 Fe Mössbauer spectroscopy was performed in transmission using a SEE Co. conventional constant acceleration type spectrometer with a 57 Co(Rh) source kept at room temperature on a set of ∼ 40 samples [x = 0.035, typical dimensions of 2 × 1 × (0.04 − 0.1) mm 3 ]. High-energy (100.3 keV) x-ray diffraction was performed similarly to in Ref. 38 , on a strained sample from the Mössbauer set, employing a Pixirad-1 detector. Thermal expansion was also measured with a home-built capacitance dilatometer [39] . Figure 1 shows the normalized resistivity and the ZFC magnetization of a selection of samples with different Co concentrations. Each sample was first measured in free-standing and then in strained conditions to directly Measurements were performed on the same thin bar-shaped samplefirst free ('0') and then strained ('ε') by gluing to the glass substrate [photograph in the inset in (e)]. Magnetization was measured parallel sample length to minimize demagnetization effects.
reveal the impact of strain. The data on free samples are in very good agreement with previous work [31, 36] , yet strain induces dramatic changes. For the underdoped, x = 0.026, sample, the sharp rise of resistivity at T s,N (0) ≈ 70 K in the free state, is replaced by a broader anomaly at a higher temperature values of 15.5 K and 12 K, respectively. Under strain, clear anomalies in the resistance appear at T s,N (ε) = 120 K and 100 K, respectively, and the superconducting shielding fraction decreases. For the highest Co content (x = 0.049), in contrast, the strain induces no hightemperature anomaly. Instead, strain induces full superconducting shielding in this sample that showed only a tiny trace of superconductivity in its free state.
In order to characterize microscopically the strain and the strain-induced resistivity anomalies, we performed high-energy x-ray diffraction on strained Ca(Fe 0.965 Co 0.035 ) 2 As 2 , and compare the results with the uniaxial thermal expansion of free samples as determined by capacitance dilatometry (Fig. 2) . The in-plane length of free-standing Ca(Fe 0.965 Co 0.035 ) 2 As 2 [solid grey line in Fig. 2(a) ] increases strongly upon decreasing temperature, whereas the thermal expansion of the glass substrate is fairly low (solid blue line). The diffraction data shows that the in-plane axis of strained Ca(Fe 0.965 Co 0.035 ) 2 As 2 follows the substrate length rather closely, which means that it is compressed with respect to the free standing state for T > ∼ 100 K. As seen from Fig. 2 (b) , the strained sample's caxis is expanded with respect to its length in the freestanding state, as is expected from the Poisson effect [40] . Thus, the imposed strain corresponds to an elongation of the tetragonal unit cell, by [ 
shown schematically in the right inset of Fig. 2(a) .
Since the high-energy x-rays penetrate the entire sample thickness, the strain distribution may be inferred from the diffraction data (colormaps in Fig. 2 ). The narrow intensity distribution around a = 5.51Å at 105 K implies homogeneous strain in the ∼ 1 × 10 −3 mm 3 sample volume illuminated by the 0.1×0.1 mm 2 x-ray beam, oriented perpendicular to the sample surface. In the c-axis measurement [(0 0 10) reflection] the intensity is peaked around c = 11.52Å at 105 K but has a tail towards lower values, indicating that a fraction of the ∼ 1 × 10 −2 mm 3 sample volume illuminated by the beam at the small angle of ∼ 5
• experiences reduced strain. The tetragonal-to-orthorhombic (T-to-OR) structural transition is obvious from the split of the in-plane lattice parameter into a OR and b OR in Fig. 2(a) and is, in more detail, shown by the splitting of the tetragonal (6 6 0) reflection, similar to what is seen in AFe 2 As 2 (A=Ba, Sr, Ca) parent compounds [41] . Note that a globally firm bonding between sample and substrate at all temperatures is supported by the observation that the center of the diffraction pattern, i.e., the average in-plane length of the sample as inferred from x-ray diffraction, follows the substrate length quite closely.
A peculiarity is that in the strained x = 0.035 sam- ple, two phase fractions coexist from 105 K down to the lowest temperature, as clearly visible in the c-axis diffraction data. The 'transformed' OR phase fraction, f OR , has a significantly larger c-lattice parameter, comparable to the increase of the c axis of free underdoped samples on entering the OR/AFM phase. The 'remaining' T phase fraction has a smaller c-lattice parameter, which appears to exhibit a small kink at ∼ 15 K [visualized in the inset to Fig. 2(b) ], reminiscent of the signature of bulk superconductivity in free overdoped samples [33] .
The following simplified picture likely explains the peculiarities of the strain-induced first-order transition in 
FIG. 3. (a)-(c) Examples of
57 Fe Mössbauer spectra of Ca(Fe0.965Co0.035)2As2 (symbols) and the fitted paramagnetic doublet and magnetic sextet (lines). (d) Orthorhombic order parameter δ = (aOR − bOR) / (aOR + bOR) and magnetic hyperfine field H hf . (e) AFM and OR phase fractions, fAFM and fOR, respectively. fAFM, deduced from Mössbauer spectroscopy (which probes the whole sample mosaic) reaches a maximum of ∼ 80% and fOR deduced from c-axis x-ray diffraction (which probes only a part of the same) reaches ∼ 90%. Diffraction reveals a temperature hysteresis, whereas Mössbauer spectroscopy was performed only on warming. The inset shows a photograph of the samples used for these measurements on a mm grid. our samples. Firm bonding to the rigid substrate forces the in-plane sample length L sample to be equal to a length L substrate . On decreasing temperature, the sample experiences increasing strain: the basal plane is compressed, and the c axis expands relative to the free state. This kind of deformation favors the OR phase thermodynamically, since its average in-plane length, L OR , is smaller than in the T phase (L T ), and its c-axis length is larger (dashed lines in Fig. 2 ) [33] . At a critical temperature/value of strain, the OR phase nucleates in some parts of the sample. Those transformed parts have a reduced in-plane area so that some of the strain is released. Hence, the remaining T phase can partly relax its lattice parameters and does not transform. The boundary condition is expressed by the OR phase, and the elastic energy of the lattice deformations, likely entails 0 < f OR < 1. As a consequence, there is a well-defined phase coexistence and f OR changes gradually with temperature. Note that such a phase coexistence implies locally inhomogeneous strain.
The relaxation of the lattice parameters of the remaining T phase below the onset of the transition is clearly visible as kinks in the diffraction data around ∼100 K. The a axis of the remaining T phase follows rather closely the orthorhombic a OR axis, and is therefore not distinctly visible at low temperatures. Finally, for underdoped samples, the yet untransformed phase fraction will naturally undergo the AFM/OR transition on its own close to the transition temperature under free-standing conditions, which explains the second anomaly, at T * s,N (ε) ≈ T s,N (0), in resistivity in Fig. 1(a) .
Whether the induced OR phase in strained Ca(Fe 0.965 Co 0.035 ) 2 As 2 is also magnetically ordered, is studied using 57 Fe Mössbauer spectroscopy, a local probe of the ordered magnetic hyperfine field (Fig. 3) . The doublet-type spectrum measured on free samples (attached to the glass substrate with Apiezon N-grease) confirms their paramagnetic ground state. In contrast, when the same samples are glued with epoxy to the glass substrate and thus strained, the spectrum is given by a superposition of a paramagnetic doublet and a magnetic sextet. The relative areas indicate that a fraction of f AFM ≈ 80% of the Fe nuclei experience a distinct magnetic hyperfine field at low temperatures.
On increasing temperature, a purely paramagnetic state is recovered at 125 K. Figures 3(d) ,(e) summarize the obtained structural distortion and magnetic hyperfine field, as well as the respective ordered phase fractions. The low-temperature values of both the magnetic hyperfine field H hf and orthorhombic distortion δ are only ∼ 20% lower than the values of pure CaFe 2 As 2 , namely H hf = 10 T [35] and δ(0) = 5 × 10 −3 [42] . In addition, δ(T ) and H hf (T ) follow each other closely, indicating that a coupled first-order magneto-structural transition is indeed induced by the strain.
The phase diagram in Fig. 4 is constructed from the resistivity and magnetization data. The superconducting shielding fraction is presented as color-coded maps in panels (b) and (c). In agreement with previous reports [31] , free-standing samples show a steep dopinginduced suppression of the magneto-structural transition at x ≈ 0.028 and a superconducting half-dome between x = 0.03 − 0.035. The strained samples exhibit a significantly extended range of the AFM/OR phase, as confirmed by the microscopic probes. The superconducting shielding is reduced in this range and full shielding is reached only for x = 0.049. Hence, the superconducting dome is less sharply defined than for free samples. This is a natural consequence of the phase coexistence under strain. At low temperatures, the remaining tetragonal phase fraction becomes superconducting, while the OR phase fraction likely stays non-superconducting. Note that the ZFC shielding fraction may overestimate the true superconducting volume fraction.
In summary, increasing the c/a ratio through applying biaxial strain, shifts the phase diagram of Ca(Fe 1−x Co x ) 2 As 2 to higher x, without a change of the maximum T c . This suggests the possibility that the maximum T c in this system has already been reached. In general, the initial rate of change of transition temperatures with uniaxial pressure can be inferred from thermodynamic relations, using, in particular, uniaxial thermal expansion. The trends inferred for Ca(Fe 1−x Co x ) 2 As 2 [32, 33] agree with the present result, whereas a quantitative estimate that takes into account the compressibility of the material agrees within a factor of ∼ 2 − 3. Notably, in most iron-based systems, uniaxial pressure derivatives have opposite sign along the a and c axes [30, 33, 43] , indicating that these systems are notably more sensitive to changes of the c/a ratio than to hy-drostatic pressure, which averages those components and entails partial cancellation of opposing effects. As studied in detail in BaFe 2 As 2 , however, the relation between the phase diagram and changes of the c/a ratio, when achieved either by pressure or by substitution with various transition metals, is non-universal [44, 45] .
This strain-tuning is analogous to epitaxial strain in thin films, which was recently studied in thin films of Ba(Fe 1−x Co x ) 2 As 2 grown on different substrates. An inplane strain of almost ±0.6% was achieved and yielded changes of T N and T c of < ∼ 10 K [25] . The changes are very similar to the present result, considering a lower strain-sensitivity of BaFe 2 As 2 with respect to CaFe 2 As 2 . The magnitude of applied strain in this study depends on temperature and on the difference in thermal expansivity between sample and substrate. We expect that BaFe 2 As 2 rigidly glued to our glass substrate experiences only ∼ −0.02% of in-plane strain at T s,N = 140 K, but ∼ −0.12% when a copper substrate is used. This should result in a small but measurable shift of T s,N by 1 − 2 K. The effect on T c of optimally doped Ba(Fe 1−x Co x ) 2 As 2 is likely of similar size.
At any strain-induced first-order phase transition, however, the change of lattice parameters will result in (partial) strain release and a well-defined phase coexistence, similarly to our observations. In this respect, controlling the total sample length is fundamentally different from controlling stress or pressure. This has implications for other techniques utilizing strain and needs to be taken into account when gluing thin samples to a rigid substrate, which is a common practice in a variety of experimental techniques.
In conclusion, biaxial strain is established as a tuning parameter for the phase transitions of bulk Ca(Fe 1−x Co x ) 2 As 2 . Although the observed strain effects are particularly pronounced in the extremely sensitive CaFe 2 As 2 system, they can occur in principle in any material.
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